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ABSTRACT 
Environmental pollution has been one of the most challenging problems in modern 
society and more and more health issues are now linked to environmental pollution and 
especially, air pollution. Certain sensitive group like patients with asthma are highly 
influenced by the environmental air quality and knowledge of the daily air pollution 
exposure is of great importance for the management and prevention of asthma attack. 
Hence small form factor, real time, accurate, sensitive and easy to use portable devices for 
environmental monitoring are of great value. 
Three novel image-based methods for quantitative real time environmental 
monitoring were introduced and the sensing principle, sensor performances were evaluated 
through simulation and field tests. The first sensing principle uses surface plasmon 
resonance (SPR) image and home-made molecular sieve (MS) column to realize real time 
chemical separation and detection. SPR is sensitive and non-specific, which makes it a 
desirable optical method for sensitive biological and chemical sensing, the miniaturized 
MS column provides small area footprint and makes it possible for SPR to record images 
of the whole column area. The innovative and system level integration approach provide a 
new way for simultaneous chemical separation and detection. The second sensor uses 
scattered laser light, Complementary metal-oxide-semiconductor (CMOS) imager and 
image processing to realize real-time particulate matter (PM) sensing. Complex but low 
latency algorithm was developed to obtain real time information for PM including PM 
number, size and size distribution. The third sensor uses gradient based colorimetric sensor, 
absorbance light signal and image processing to realize real-time Ozone sensing and 
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achieved high sensitivity and substantially longer lifetime compared to conventional 
colorimetric sensors. The platform provides potential for multianalyte integration and 
large-scale consumer use as wearable device.  
The three projects provide novel, state-of-the-art and sensitive solutions for 
environmental and personal exposure monitoring. Moreover, the sensing platforms also 
provide tools for clinicians and epidemiologists to conduct large scale clinical studies on 
the adverse health effects of pollutants on various kinds of diseases.  
 
 
 
 
 
 
 
 
 
 
 
 
                                                                   
 iii 
DEDICATION 
To my beloved family and my friends for their endless love and support, to 
myself for my resilience, courage, compassion and to Jesus Christ for his unconditional 
love even at my lowest point, without which I could not have reached this point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                   
 iv 
ACKNOWLEDGEMENTS 
        First of all, I would like to express my sincere gratitude to my advisor Dr. Nongjian 
Tao for his continued guidance, encouragement and unconditional support during my PhD 
study and research. He is passionate with immense knowledge and experience in research, 
which inspired me to work on different and interesting projects, to solve real world 
challenge and seek solutions using analytical thinking skills. 
        I would like to thank my co-advisor Dr. Francis Tsow for his continued and selfless 
support, help and advice during the first three years of my Ph.D journey. 
        I would like to thank my dear committee members, Dr. Michael Goryll, Dr. Pierre 
Herckes for their help and advice.  
        My sincere thanks also go to Dr. Di Wang, who has helped me with overcoming 
difficulties in the projects and provided me with precious advices and help as well as Dr. 
Shaopeng Wang who has provided me with valuable suggestions on optical equipment and 
platforms for my research.  
        I would like to also thank my dear colleague Chenwen Lin, who has supported me 
both in research and emotionally. I would like to thank Kyle Mallires for his novel and 
passionate research ideas, suggestions and help during my study and research.  
        I would also love to say thank you for everyone in Dr. Tao’s group for their help, 
understanding and compassion, without which, I wouldn’t be able to make it to this point. 
It is an honor to have the chance to work with you all. 
                                                                   
 v 
TABLE OF CONTENTS 
Page 
LIST OF TABLES ........................................................................................................... viii 
LIST OF FIGURES ..........................................................................................................  ix 
CHAPTER 
1 INTRODUCTION AND BACKGROUND .................................................................. 12 
1.1 Introduction ............................................................................................................. 12 
1.2 Surface Plasmon Resonance Imaging ..................................................................... 13 
1.3 Gas Chromatography............................................................................................... 14 
1.4 Scattered Light of Small Particles ........................................................................... 15 
1.5 Beer-Lambert Absorbance Law .............................................................................. 17 
2 REAL-TIME SIMULTANEOUS SEPARATION AND DETECTION 
OF CHEMICALS USING INTEGRATED MICROCOLUMN AND 
SURFACE PLASMON RESONANCE IMAGING MICRO-GC .................................... 18 
2.1 Introduction .................................................................................................................   
2.2 Materials and Methods ............................................................................................ 21 
    2.2.1 Commercial Capillary Column ........................................................................ 23 
    2.2.2 Polydimethylsiloxane (PDMS) Coated Column .............................................. 23 
    2.2.3 Molecular Sieve (MS) Packed Miniaturized Spiral Column ........................... 23
CHAPTER  Page                                                                   
 vi 
        2.2.4 Integrated MS Column and SPRi Platform ...................................................... 23 
    2.3 Real Time Chemical Separation using Gas Chromatography Columns Experimant-
Simulation Comparison Study .......................................................................................... 25 
        2.3.1 Gas Chromatograph Obtained using SPRi Method ......................................... 25 
        2.3.2 Chemical Separation using PDMS Column..................................................... 27 
        2.3.3 Chemical Separation using Integrated Molecular Sieve Packed Column on SPRi 
Platform ............................................................................................................................ 30 
        2.3.4 Simulation Study of Chemical Separation Process and Comparison with 
Experimental Data ............................................................................................................ 32 
    2.4 Conclusions ............................................................................................................. 35 
3 A MINITURIZED PARTICULATE MATTER SENSING PLATFORM BASED ON 
CMOS IMAGER AND REAL TIME IMAGE PROCESSING ....................................... 36 
    3.1 Introduction ............................................................................................................. 36 
    3.2 Characterization of CMOS Imager using Scattered Laser Light from Small Particles
........................................................................................................................................... 38 
    3.3 Integrated, Miniaturized, and Real-Time Particulate Matter Portable Sensor Design, 
Characterization and Image Processing Algorithm Development .................................... 42 
        3.3.1 Electrostatic Particle Collector Design, Simulation and Fabrication .............. 43 
        3.3.2 Ambient Particulate Matter Collection using Particle Collector on CMOS  
Imaging Platform .............................................................................................................. 50 
CHAPTER  Page                                                                   
 vii 
        3.3.3 Automated Image Based PM Sensing Algorithms .......................................... 54 
    3.4 Conclusions ............................................................................................................. 58 
4 AN INTEGRATED PORTABLE DEVICE FOR REAL TIME TRACKING OF 
AMBIENT OZONE CONCENTRATION USING GRADIENT BASED 
COLORIMETRIC SENSOR WITH GREATLY EXTENDED LIFE TIME................... 58 
    4.1 Introduction ............................................................................................................. 58 
    4.2 Integrated Device Development, Components and Housing .................................. 62 
    4.3 Image Processing Pipeline for Gradient based Colorimetric Sensor Device .......... 66 
    4.4 Integrated and Real-Time Gradient based Colorimetric Sensing Device Calibration, 
Field Test and Automation................................................................................................ 70 
        4.4.1 Portable Device Calibration for Ozone Gradient based Colorimetric Sensor . 70 
        4.4.2 Portable Device Field Test for Ozone Gradient based Colorimetric Sensor ... 76 
        4.4.3 Device Automation, Information Storage, Communication and Synchronization
 .......................................................................................................................................... 79 
    4.5 Conclusion .............................................................................................................. 82 
5 CONCLUSIONS AND PERSPECTIVE ....................................................................... 84 
REFERENCES ................................................................................................................. 87
                                                        
 viii 
 
LIST OF TABLES 
Table                                                                                                                          Page 
2.1 Physical Properties of Alkanes under Study in Molecular Sieve Medium ................. 21 
2.2 Experimental and Simulated Retention and Elution Time for Hexane, Heptane and 
Octane ............................................................................................................................... 26 
3.1 Collection Efficiencies under Different Conditions ................................................... 41 
4.1 Table Showing the Best Estimated Value and Standard Error for the Coefficients in 
Calibration Curve  ............................................................................................................. 70
                                                                                                                                    
                                                        
 ix 
LIST OF FIGURES 
Figure                                                                                                                             Page 
1.1 Principle of Surface Plasmon Resonance Imaging ....................................................... 4 
1.2 Principle of Gas Chromatography with Labeled Components ..................................... 5 
1.3 Different Simplified Light Scattering Regimes based on Wavelength, and Particle 
Radius ................................................................................................................................. 6 
1.4 Size and Scattering Angle Dependent Small Particle Scattered Light Intensity .......... 6 
1.5 Illustration of Beer-Lambert Law ................................................................................. 7 
2.1 Schematics of the Optical Components ...................................................................... 12 
2.2 Images of the MS Column and Integrated Flow System and SPRi Prism. ................. 15 
2.3 Flow Channel SPRi Image and Gas Chromatogram of Chemical Separations .......... 17 
2.4 Gas Chromatogram of Bi-Components Chemical Separation .................................... 20 
2.5 SPRi Image of the Entire Integrated Molecular Sieve Packed Spiral Column and Three 
Areas of Interests: Inlet, Close Outlet and Outlet for the Study of Real Time Chemical 
Separation ......................................................................................................................... 22 
2.6 Gas Chromatogram of Hexane, Heptane and Octane using Integrated MS Column.. 22 
2.7 Geometry of The Column used in The COMSOL Multiphysics Simulation ............. 26 
3.1 Schematic Drawing of CMOS Imager Evaluation for Small Particle Scattered Light 
 .......................................................................................................................................... 32 
3.2 Comparisons of Particle Distribution Pattern Between CMOS Imager Image and 
Optical Microscope Image Mosaic at 20 Times Optical Magnification and 0.4 Numerical 
Aperture for Different Size of PS Particles ...................................................................... 34
Figure  Page 
 x 
3.3 Calibration Curve Showing PS Particle Diameter in Micrometer and PS Particle 
Scattered Light Intensity Assuming Mie Scattering Law ................................................. 35 
3.4 3D Drawing of Electrostatic Particle Collector in COMSOL Multiphysics 5.0 ........ 36 
3.5 Simulated Electrostatic Field Inside the Particle Collection Chamber ....................... 37 
3.6 Simulated Laminar Flow Field Across the Particle Collector Chamber .................... 39 
3.7 Simulated Particle Trajectories at Different Times .................................................... 42 
3.8 Fabricated Particle Collector ...................................................................................... 44 
3.9 Particle Intensity-Diameter Distribution from the Ambient PM Collection Test, Two 
Indoor and Two Outdoor Tests ......................................................................................... 46 
3.10 Indoor and Outdoor Particulate Matter Size Distribution ......................................... 47 
3.11 Schematic Illustration of The PM Sensing Algorithms ............................................ 51 
3.12 Scattered Light PM Image with Resolution 820×720 used to Test The Algorithm . 51                                                                                                  
4.1 Conventional Colorimetric Sensor for O3, NO2, and HCHO, Gas Diffuse from All 
Directions .......................................................................................................................... 56 
4.2 Real Sensor and Schematic Showing One Dimensional Diffusion for Gradient Based 
Colorimetric Sensors......................................................................................................... 56 
4.3 Front and Back View of the Sensor Clipper, Schematics Showing How the Sensor 
Clipper Guarantees 1D Diffusion, Whole Optical Assembly for Optical Sensing ........... 59 
4.4 Image of the Gradient based Ozone Colorimetric Sensor .......................................... 62 
4.5 Images of the Sensors Before Reaction and After Reaction, Region of Interest for the 
Sensor Area and Corresponding Reference Area used to Obtain Absorbance Signal ...... 62 
Figure  Page 
 xi 
4.6 Schematics Showing how the Borders of the Sensor Area is Identified Using 
Thresholding Methods ...................................................................................................... 63 
4.7 Absorbance Signal Change with Time from the Start of Experiment Until 100 Mins for 
Five Different Ozone Calibration Concentrations ............................................................ 66 
4.8 Exponential Fit of Concentration vs Initial Unit Time Absorbance Change (IUTAC).
 .......................................................................................................................................... 67 
4.9 Long Time Calibration for 65 ppb And 105 ppb Shows UTAC Decreases over Time
 .......................................................................................................................................... 67 
4.10 Exponential Decay of NUTAC Vs Gradient Position .............................................. 68 
4.11 Linear Fitting Between the Absorbance Change from The Beginning of the 
Experiment and the Gradient Position .............................................................................. 70 
4.12 Smoothed Absorbance Signal for the Three Gradient Based Ozone Colorimetric 
Sensors .............................................................................................................................. 71 
4.13 4700 Minutes Real Time Continuous Monitoring of Ambient Ozone Concentration, 
Comparison between Gradient Based Ozone Colorimetric Sensor and Ozone Monitor .. 73 
4.14 System Level Hardware Software Codesign for Automated and Integrated Edge 
Device ............................................................................................................................... 74                                                                                                               
4.15 Object Level UML Diagram for the Portable Device ............................................... 76
 
 1 
CHAPTER 1 INTRODUCTION AND BACKGROUND 
1.1 Introduction 
           Several groups of chemicals including volatile organic compounds, alkanes, O3, 
HCHO, NO2 and particulate matter have been studied by clinicians and environmental 
epidemiologists as major triggers for adverse health effects including asthma, COPD, 
airway inflammation and so on. [1-2] Due to the time and location specific nature of 
pollutants concentration, simply monitoring these pollutant concentrations at government 
environmental monitoring sites is not accurate enough to represent personal exposure level 
on a day to day basis. Moreover, data from environmental monitoring sites usually has low 
time resolution (hourly), making the data even less meaningful for personal exposure 
monitoring, especially for those who already have respiratory conditions. 
          Mainstream current technologies for environmental monitoring include expensive 
benchtop equipment which are extremely hard if not impossible to deploy in the field and 
use for personal monitoring, due to the reason mentioned above, these technologies are not 
applicable for personal exposure monitoring. On the other side of the spectrum are cheap 
and low-cost sensors including electro-chemical, metal oxide, dynamic light scattering and 
chemical sensors. [3-5] These sensors are usually cheap and of small form factor, but they 
tend to be inaccurate and have drift or recalibration issues overtime, making them less 
attractive for continued personal use. Hence, portable sensing systems which are of small 
form factor, low cost, high sensitivity and relative accurate reading are much preferred. 
          This thesis focuses on discussing the development of this kind of sensing systems, 
specifically using imaging methods. With the advancement of semiconductor industry, a 
commercial off-the-shelf CMOS imager nowadays usually enjoys high resolution (millions 
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of pixels), small form factor (millimeters), low power consumption (mW) as well as high 
signal to noise ratio (40dB) and high dynamic range (50db). With these properties, CMOS 
imaging can be an ideal sensing mechanism for portable and accurate sensing due to its 
versatility and ease of integration with digital signal processors. 
          Taking advantage of the superior properties of image sensors, this thesis explores 
different mechanisms for environmental sensing purposes including surface plasmon 
resonance imaging (SPRi), scattered laser light sensing and light absorbance sensing. 
Images are captured, stored and image processing algorithms were designed and optimized 
to obtain accurate target analyte concentration readings.  
           In the following sections, brief introductions to the principle of SPRi, gas 
chromatography, light scattering from small particles and colorimetric sensing are 
provided as theoretical foundation for the chapters after.  
1.2 Surface Plasmon Resonance Imaging 
           Surface plasmon refers to the free electrons that exist within the evanescent field on 
the surface of metal. When the momentum of the incoming photon matches the momentum 
of the surface plasmon in magnitude and phase, surface plasmon resonates with the photon 
and the phenomenon is called surface plasmon resonance. [6] The resonance angle (RA) 
for SPR changes when the refractive index within the evanescent field changes and the 
change in RA is proportional to the change of refractive index of the medium within the 
evanescent field. SPR imaging technique has been widely used in biosensing, biological 
molecules are usually smaller than 500 nm, which is also the depth of evanescent field, 
making it possible to directly observe the kinematic behavior of biomolecules. SPR image 
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can be used to detect biomolecule association and dissociation on the surface of gold films 
without any labeling, making it an ideal choice for label free analysis of biomolecules. [7] 
         With similar principle, refractive index change of gas within the evanescent field 
causes a change of resonance angle, resulting in the movement of dark intensity band. 
Hence by sensing the intensity change at certain area of the gold film, the refractive index 
change can be studied. Since different gas chemicals have different refractive index, SPRi 
can be used as an effective way to detect different species of chemicals.  When a gas 
mixture passes through the column, chemicals start to separate at different speeds and at 
the outlet of the column, different chemicals get separated and have elution time 
differences of several seconds. SPR imaging platform can visualize the intensity change 
with time at different positions of the column area, which makes it possible to observe the 
chemical separation process in real time. Figure 1.1 below shows the working principle of 
SPR imaging. Incident light is usually a narrow band collimated laser source, the theta 
angle is tuned at the SPR resonance angle precisely for applications, gold film is used to 
generate surface plasmon and has evanescent field depth of around 500 nm. The reflected 
laser light is captured by detector and it can be observed that once there is a refractive index 
change of medium within the evanescent field, the resonance angle changes and the 
intensity captured by detector decreases.  
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Fig 1.1 Principle of surface plasmon resonance imaging 
      SPR imaging is sensitive, reliable and non-specific, all of which make it ideal for label 
free biomolecule and gas phase chemical sensing. 
1.3 Gas Chromatography  
       Gas chromatography has been widely used in analytical chemistry for chemical 
mixture separation, identification and quantification. It is one of the most powerful tools to 
analyze liquid phase and gas phase chemical mixtures. A gas mixture is passed from source 
to GC column. The absorption and desorption coefficients of different chemicals in the 
solid phase of the column are different hence each chemical move at different speed inside 
the GC column and the longer the column is, the greater the time difference between two 
different chemicals when they reach the outlet of the column. After optimizing the system 
parameters including column stationary phase, flow rate, heating procedure and so on, the 
elution time for each chemical specific to this GC system can be determined. Elution time 
is unique for each chemical and used as identification for each chemical. Figure 1.2 below 
shows the schematics of a GC system. In the SPR imaging system, the imaging platform 
acts as a real time, image-based detector instead of the more commonly used photon 
ionization detector. [8] 
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Fig 1.2 Principle of gas chromatography with labeled components. 
1.4 Scattered Light of Small Particle 
        Scattered light from small particles has extremely complicated relationship with light 
source wavelength, incident light angle, particle refractive index, particle size and on top 
of it, scattered light intensity from small particles is angle dependent and can be modeled 
by different physical laws for particle diameter in different size ranges. Particulate matter 
has a very wide size range distribution, from as small as several nanometers to as big as 
millimeter in diameter. This makes it hard to apply one single physical rule to characterize 
the size of each specific particulate based on scattered light. The most important 
relationship in PM calibration using scattered light is the relationship between scattered 
light intensity and the diameter of particulate matter assuming spherical model. Since the 
particle size range of interest is from sub micrometer range till above 10 micrometer, 
Rayleigh scattering model is used for particles size 10 times smaller than the incident light 
wavelength and Mie scattering model is used for particles otherwise. PM sensing uses front 
scattered light of particles at a fixed scattering angle and this simplifies the complicated 
angle dependent scattered light intensity property. Fig 1.3 below shows particle diameter 
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range and corresponding simplified model and Fig 1.4 below shows the angle dependent 
scattered light intensity profile. 
 
Fig 1.3 Different simplified light scattering regimes based on wavelength, and particle 
radius. 
 
 
Fig 1.4 Size and scattering angle dependent small particle scattered light intensity. 
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1.5 Beer-Lambert Absorbance Law 
        The third optical method for environmental sensing is based on lambert-beer law. As 
is shown in Fig 1.5, when a beam of light passes through a medium, the intensity of the 
incident light will decrease due to scattering and interference losses inside the medium, the 
other part of loss comes from the absorption of light by the material that constitutes the 
medium. The emergent beam intensity is lower than the incident beam and the ratio of 
emergent beam intensity and incident beam intensity is related to the molar absorptivity of 
the medium, path length of the medium and concentration of the chemicals inside the 
medium. Equation 1.1 below shows the famous Beer-Lambert law, in the formula, 
absorbance is defined as the logarithmic of ratio of incident light intensity over emergent 
light intensity. 𝜀 represents molar absorptivity, 𝑙 represents path length of the medium and 
𝑐 represents the chemical concentration.  
                                           𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 𝑙𝑜𝑔
𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
𝐼𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑡
= 𝜀𝑙𝑐                                    (1.1) 
 
Fig 1.5 Illustration of Beer-Lambert law 
In this thesis, colorimetric sensor is used to realize real time environmental monitoring 
and as the color of the sensor fades as the chemical reaction proceeds, the absorbance of 
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the sensor decreases and the decrease correlates with the ambient analyte concentration. 
This is where Beer-Lambert law is used in this thesis. 
 
CHAPTER 2 REAL-TIME SIMULTANEOUS SEPARATION AND DETECTION OF 
CHEMICALS USING INTEGRATED MICROCOLUMN AND SURFACE 
PLASMON RESONANCE IMAGING MICRO-GC 
 
2.1 Introduction 
        Gas Chromatography (GC) is one of the most important and widely used tools in 
analytical chemistry. Tremendous efforts and progresses have been made in improving the 
separation column, the detector and the development of portable Micro-GC. [9] 
        Despite the fact that benchtop GC instruments are reliable and accurate, analytical 
samples are often at risk of sample contamination, degradation, decomposition and loss 
due to storage and transportation from the collection to the analysis site. 
        Micro-GC is portable and energy efficient, which allows on-site, real-time biological, 
forensic and environmental analysis. [10-12]  
        Several groups have been working on developing Micro-GC systems focusing on the 
development of miniaturized column, sensitive and reliable detector, as well as system 
integration of various components. [13-18] For example, Qin and Gianchandani and Collin 
et al. demonstrated Micro-GC systems using cleanroom fabricated capillary columns [13-
14], Akbar et al. developed a Micro-GC using micro-fabricated semi-packed capillary 
column and a Micro-Photon Ionization Detector (Micro-PID) as detector, [15] Contreras 
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et al .used commercial capillary column and toroidal ion trap mass spectrometer as detector, 
[16] Wright and Zellers [17] used nanoparticle-coated chemi-resistor array as Micro-GC 
detector, [17] Chen et al. explored the possibility of using micro multi-column chip and 
stop flow system to build multidimensional GC. [18] Micro-GC typically uses either 
commercial capillary columns (which are expensive) or cleanroom fabricated micro 
columns (involves complicated column design and fabrication processes) as separation unit. 
Furthermore, due to the small diameter (μm) and long column length (m), the column 
backpressure is too high for power constrained pump to provide the needed flow rate. More 
importantly, to our knowledge, none of the Micro-GC system developed to-date let us 
observe chemical separation in real-time. The separation process is like a black box, with 
the detector measuring only what comes out of the column but not the separation process 
inside the column.  
        In order to overcome the disadvantages mentioned above, a molecular sieve packed 
spiral column was developed and integrated directly onto the detector imaging platform, 
with which real-time chemical separation was observed. The column occupies a 7mm by 
7mm area that maintains low back pressure due to its millimeters channel size and 3cm 
channel length, making it possible to use a low power pump to deliver gas samples. Since 
Micro-GC is confined by power consumption and size, lower back pressure and system 
requirements are critical for miniaturization.  
        In order to observe the chemical separation process while simultaneously detect 
chemical signal peaks in a real-time fashion, Surface Plasmon Resonance Imaging (SPRi) 
was used as the detection and imaging platform. Surface Plasmon Resonance, a refractive 
index-based sensing mechanism, has been studied and widely applied in low concentration 
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biosensing and gas sensing applications. [19-21] Surface plasmon microscopy has been 
used to directly observe the sensing and detecting processes. [22-24] Several gas and bio-
sensing applications have been explored by using portable and miniaturized SPR 
instruments. [25-26] Moreover, compact design and multi-analytes analysis capability of 
portable SPR devices have been demonstrated and proven successful. SPRi based 
commercialization efforts have been made as well. [27-29] All these prove the potential of 
SPRi based method in real time chemical and bio-sensing applications.  
        In this work, we integrated miniaturized molecular sieve packed column directly on 
top of the real-time SPRi setup. The first advantage of this approach is that the separation 
and detection units are integrated, hence, the system is miniaturized and secondly, it can 
directly image the real-time chemical separation process through simultaneously detecting 
various chemical signal peaks. The signal peaks are caused by refractive index change 
above the imaging chip when gas different from the carrier gas pass through the channel. 
This novel approach provides new way of studying the basic chemical separation process 
in a real-time image-based approach, which when combined with Micro-GC separation and 
detection unit further shrinks the form factor and potentially provides new opportunities 
for multi-dimensional GC development. This idea was then experimentally implemented, 
evaluated and simulation was done to validate the experimental results. 
2.2 Materials and Methods 
        Firstly, the feasibility of using gas phase SPRi platform as image-based GC detector 
was demonstrated. A detection cell was fabricated using Acrylic plastic and laser cutter 
machine. A thin channel was etched from the surface of the cell, while the gas inlet and 
outlet are located at the two ends of the channel. The cell was fastened by screws on top of 
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the SPRi gold chip, which is located on top of the optical prism. Teflon tubing was used to 
connect a 20m long commercial capillary column to the inlet of the detection cell. A three-
way switching solenoid valve was used to switch between lab air and known component 
sample airbags. A pump was used to actively sample the gas. The start of injection and 
injection duration can be controlled by controlling the switching of the valve. A 650nm 
laser source was used as the light source and a CCD camera was used to capture the 
microscopic SPR images. The whole setup is shown as schematics in Fig. 2.1. Two 
components chemical mixtures were used as sample gas. As the analyte passes through the 
channel, the image intensity increases due to the change of refractive index above the gold 
chip. The intensity change over time was extracted from the recorded videos and gas 
chromatograms with good signal-to-noise ratio and resolution were obtained. Secondly, a 
PDMS coated home-made capillary column was fabricated. The column is cheaper, shorter 
and, more compact compared to the commercial column. Commercial column was then 
changed to the PDMS phase column and a mixture of gaseous alkanes was used. Separation 
of chemicals was observed using the SPRi detection cell. Finally, to further shrink the 
column size and integrate it onto the SPRi gold chip, a molecular sieve packed spiral 
column with higher sample capacity and lower back pressure was fabricated and integrated 
onto the SPRi imaging platform. Several alkanes were tested and real-time separation 
process of chemicals was obtained and validated by COMSOL simulation.  
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(a) 
 
                    
(b) 
Fig 2.1 Schematics of the optical components 
 (a) schematics of the whole SPRi based GC system  
(b) schematics of the SPRi prism holder 
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2.2.1 Commercial Capillary Column 
A 20m long commercial column UAC-CW-30-0/25F from Quadrex 
(Cyanopropylphenylmethylpolysiloxane coated) with column inner diameter of 0.25mm 
and film thickness of 1.0μm was used to separate gas mixtures and evaluate the SPRi 
detector performance. A micro diaphragm pump (T2-03) from Parker was used to deliver 
the gas samples into the SPRi detecting cell. 
2.2.2 Polydimethylsiloxane (PDMS) Coated Column 
        After the successful demonstration that SPRi can be used as GC detector, a more 
compact, less expensive column with much lower backpressure was developed. In order to 
do this, a serpentine patterned column was fabricated on the surface of acrylic piece 
purchased from United States Plastic Corp. using laser cutting machine (Universal Laser 
System). The column has a total length of 3m, column width of 0.5mm, and column depth 
of 1mm. The fabricated surface was then spin coated using 6800 spin coater series from 
Specialty Coating System Inc. with a layer of PDMS solution using Dow Corning Sylgard 
184 PDMS kit. The piece was then cured at 65 °C in Fisher Scientific Isotemp Oven 637G 
for 24 hours. After curing, there remains a gap in the channel due to the shrinkage of the 
PDMS, forming a micro-channel with a depth of 0.5mm for gas flow. Another piece of 
Acrylic was used to seal the column with screws. The thin layer of cured PDMS on the 
piece acts as a gasket, which helped seal the channel. Tests were performed to guarantee 
air tightness. After the fabrication of the PDMS capillary column, the commercial column 
was replaced by the home-made column. Mixture of alkanes was used to test the separation 
ability of the column. Gas Chromatograms obtained using the SPRi detector are shown in 
the following sections. 
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2.2.3 Molecular Sieve (MS) Packed Miniaturized Spiral Column 
        The PDMS column, though much smaller and cheaper than the commercial column, 
is still too big to be completely integrated into the limited SPRi imaging area. Hence, a 
molecular sieve packed column was developed. In order to maximize the utility of area and 
increase the sample capacity, a laser cutter fabricated spiral column was developed, with a 
total column length of 3cm, column depth of 1mm, and width of 1mm. The column area 
forms a circle with a diameter of 7mm, which could be completely fitted within the SPRi 
area of 7mm by 7mm. The molecular sieve was purchased from MilliporeSigma. The mesh 
size is 4Å and the chemical formula is SiO2Na2OAl2O3MgO. Molecular sieve beads were 
grinded into smaller particles with diameters of ∼50μm which were then used to fill the 
inside of the channel. A PTFE sheet was used as a gasket to seal the interface between the 
Acrylic piece and the SPRi gold chip in order to guarantee the air tightness of the column. 
Fig. 2.2 (a) shows the picture of the MS packed miniaturized spiral column. 
 
(a) 
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(b) 
Fig 2.2 (a) 7mm by 7mm area of molecular sieve packed column  
(b) integrated column and flow system fixed on top of SPRi prism for imaging. 
2.2.4 Integrated MS Column and SPRi Platform 
        The fabricated MS column was then tightened directly on top of the SPRi gold chip 
which was placed on top of the prism holder. Four screws were then used to guarantee the 
airtightness of the system. Several alkane samples were used to test the chemical separation 
of the mixture. The entire column area was imaged using the camera and the images were 
further analyzed. The assembly is shown in Fig. 2.2 (b). It is important to mention that the 
whole integrated setup is miniaturized, lab fabricated, easy to use, and inexpensive. 
 
2.3 Real Time Chemical Separation using Gas Chromatography Columns and Experiment-
Simulation Comparison Study 
2.3.1 Gas Chromatogram Obtained Using SPRi Method 
        A 20m long commercial capillary column was used for chemical separation and SPRi 
detector was used to obtain the gas chromatogram. All chemicals are purchased from 
Sigma Aldrich. Fig. 2.3 (a) shows the image of the SPRi detector cell channel area and the 
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area inside the yellow box was used in the analysis. Fig. 2.3 (b) is the intensity profile of 
this area using ethanol and hexane mixture airbag with different injection times, showing 
two clear separated signal peaks representing hexane and ethanol for both tests with 
different injection times. The peak signals are stronger with the increase in injection time, 
due to larger injection volume, without showing obvious band broadening. Fig. 3 (c) shows 
the chromatogram using Benzene, Toluene, Ethylbenzene, and Xylene (BTEX) mixture. 
Four distinct signal peaks can be observed representing the four chemicals. Identification 
and separation of alkanes and BTEX are important due to their wide applications in 
chemical plants and atmospheric environmental monitoring. [30-31] 
 
Fig 2.3 (a) SPRi image showing the flow channel as detector for the commercial column 
setup 
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Fig 2.3 (b) Gas chromatogram showing separation of ethanol and hexane mixture using 
commercial gas chromatography column with different injection time 
 
Fig 2.3 (c) Gas chromatogram showing separation of Benzene, Toluene, ethylbenzene 
and Xylene. The four peaks correspond to the four chemicals 
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2.3.2 Chemical Separation using PDMS Column 
        We further replaced the commercial column with the homemade PDMS coated 
capillary column described above and tested its chemical separation performance. Firstly, 
Ethanol Acetone and Ethanol Hexane mixtures were used to test the separation 
performance of the home-made column. Secondly, pure Acetone, Ethanol, and Hexane 
were used to identify the peaks in the gas chromatogram by matching the elution time. The 
two gas chromatograms are shown in Fig. 2.4 (a) and (b). In order to further shrink the size 
of the home-made column, molecular sieve (MS) packed column was used due to its higher 
sample capacity and lower back pressure. The MS packed column has a channel length of 
1m, channel width of 0.5mm, and depth of 1mm. The column was then tested using a 
mixture of Hexane, Pentane, Heptane, and Octane. As is shown in Fig. 2.4 (c), Hexane and 
Pentane peaks co-elute because their elution time are close to each other. Nevertheless, the 
separation and identification of Hexane-Pentane, Heptane, and Octane peaks can be clearly 
observed with their elution times match well with the corresponding pure chemical elution 
time. The results suggest that it is possible to develop integrated miniaturized MS packed 
column while maintaining separation capability. This was made possible by grinding the 
MS beads into finer powder to increase the surface-to-volume ratio and to allow tight 
packing of the MS powder inside the microchannel. 
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Fig 2.4 (a) Gas Chromatogram of acetone-ethanol mixture using PDMS column 
 
 
Fig 2.4 (b) Gas Chromatogram of hexane ethanol mixture using PDMS column 
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Fig 2.4 (c) Gas Chromatogram of four alkane mixture using molecular sieve packed 
column 
 
 
2.3.3 Chemical Separation Using Integrated Molecular Sieve Packed Column on SPRi 
Platform 
        The miniaturized MS packed column was integrated on top of a SPRi imaging gold 
chip and tested using Hexane, Heptane, and Octane gases. Fig. 2.5 shows the image of the 
entire spiral column and three areas of interest, which are labeled by red boxes and 
identified with numbers. Fig. 2.6 shows the intensity change over time for Hexane (a), 
Heptane (b), and Octane (c) of the three areas of interest (AOI), which correspond to the 
inlet, near the outlet, and the outlet of the spiral column. It can be observed from the 
chromatograms that the positions of the chemical peaks for the same chemical progressed 
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with time from the AOI near the inlet to the ones further down the column. The retention 
time increases as the alkane carbon number increases. Similarly, the chemical elution time, 
which is when the signal peak arrives at the outlet, increases as the carbon number of the 
chemical increases. This is expected due to the differences of the chemicals’ adsorption-
desorption equilibrium constants in the stationary phase of the column. The physical 
properties of alkanes in molecular sieve is listed in Table 2.1 and the values are used in 
COMSOL simulation to compare experimental and simulated results. It needs to be noted 
that the sudden intensity fluctuation from 5s to 15s is due to the switching of the 3-way 
valve which caused a sudden pressure change. Nevertheless, the fluctuation does not 
interfere with the chromatogram interpretation. 
 
Table 2.1 Physical properties of alkanes under study in molecular sieve medium 
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Fig 2.5 SPRi image of the entire integrated molecular sieve packed spiral column and 
three areas of interests: inlet, close outlet and outlet for the study of real time chemical 
separation. 
 
Fig 2.6 (a) Gas Chromatogram obtained using integrated MS packed column for hexane 
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Fig 2.6 (b) Gas Chromatogram obtained using integrated MS packed column for heptane 
 
Fig 2.6 (c) Gas Chromatogram obtained using integrated MS packed column for octane 
2.3.4 Simulation Study of Separation Process and Comparison with Experimental Data 
        COMSOL 5.0 Multiphysics simulation study was conducted on the separation process 
of alkanes in the molecular sieve column. Fig. 2.7 shows the geometry of the cylindrical 
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column used in the simulation with a diameter of 1mm and length of 3cm. The inlet and 
outlet are labelled in the picture. The molecular sieve used in the simulation was AlO2O3-
4SiO2-2MgO with a density of 600kg/m3 and porosity of 0.6. Linear velocity of flow field 
is 0.05m/s and chemical concentration is 2000mol/m3. Transport of diluted species in 
porous media physics was used to conduct the simulation assuming constant flow rate, 
Millington and Quirk model for diffusion process, and Langmuir model for adsorption 
process. The equations for analyte transport through a chromatographic column with 
constant porosity are as follows: 
                               𝑃1,𝑡
𝜕𝑐𝑖
𝜕𝑡
+ 𝑃2,𝑖 + ∇ ∙ 𝚪𝒊 + 𝒖 ∙ ∇𝑐𝑖 = 𝑅𝑖 + 𝑆𝑖                                 (2.1) 
                                                 𝑃1,𝑖 = 𝜀𝑝 + 𝜌𝑘𝑝,𝑖                                                            (2.2) 
                                            𝑃2,𝑖 = (𝑐𝑖 − 𝜌𝑝𝑐𝑝,𝑖)
𝜕𝜀𝑝
𝜕𝑡
                                                       (2.3)                                         
                                                               𝜌𝑝 =
𝜌
(1−𝜀𝑝)
                                                              (2.4) 
                                      𝑵𝒊 = 𝚪𝒊 + 𝒖𝑐𝑖 = −𝐷𝑒,𝑖∇𝑐𝑖 + 𝒖𝑐𝑖                                             (2.5) 
         In which 𝑐𝑖 is the chemical concentration, 𝑅𝑖 is the reaction rate, which is neglected 
here because there is no chemical reaction happening, 𝑆𝑖 is the fluid source term, 𝜀𝑝 and ρ 
are the molecular sieve porosity and density respectively,  𝜌𝑝  is the density of the non-
porous molecular sieve, 𝑘𝑝,𝑖 is the Langmuir constant of species i in porous medium, 𝑐𝑝,𝑖  
is the concentration of species i in porous medium, 𝐷𝑒,𝑖 is the fluid diffusion coefficient of 
species i in certain medium and 𝒖 is the velocity field vector, 𝚪𝒊 is the differential analyte 
concentration change with time. 𝑃1,𝑖 is the coefficient for concentration change with time, 
and 𝑃2,𝑖 equals to zero since the MS porosity does not change with time. 
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        In order to simulate the separation of alkanes in molecular sieves, their physical and 
chemical properties such as diffusion constants and Langmuir constants are needed. 
Typical values of diffusion constants and Langmuir constants are chosen from literatures. 
Adsorption maximum for hexane is obtained from reference while those for heptane and 
octane are obtained from Langmuir isotherm plots. [32-36] The parameters used in the 
simulation is shown in Table 2.1. Fig. 2.8 shows snapshot of chemical progression in the 
channel for hexane, heptane, and octane at 1s of the simulation. It can be seen hexane 
travels the fastest, followed by heptane and octane, which are the same as what we have 
observed experimentally. Both the retention times and the elution times from the 
experiments and the simulation are summarized and shown in Table 2.2.  
        The experimental elution time (which are obtained from the chromatographs at the 
column outlet) for hexane, heptane, and octane are 24.2s, 26s, and 33.8s respectively. 
Retention times (which are obtained by the difference of signal peak positions between the 
inlet and outlet signals) are 1.5s, 2.4s, and 8.4s respectively. The elution times for hexane, 
heptane, and octane from the simulation were 24.4s, 25.8s, and 32.6s, while the retention 
times were 1.4s, 2.8s, and 9.6s respectively. It can be seen the experimental and simulated 
result correlates well. For instance, the difference in elution times between hexane and 
octane is around 8 seconds for both simulation and experiment. Simulated retention time 
for heptane is off from experimental result by 0.4s which translates to an error about 14%, 
is the highest among all data.      
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Fig 2.7 Geometry of the column used in the COMSOL Multiphysics simulation 
 
Table 2.2 Experimental and simulated retention and elution time for hexane, heptane and 
octane 
2.4 Conclusion 
        We have successfully developed and tested a real-time image based SPRi platform as 
a gas chromatography detector. We have tested the separation ability of inexpensive, 
miniaturized, easy to fabricate PDMS coated column using this SPRi detector and 
successfully separated ethanol and alkanes mixtures.  
        We further miniaturized the size of the column by using a molecular sieve packed 
spiral column, integrated the entire column onto the SPR imaging area, hence, realized 
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real-time, image based, and simultaneous chemical separation and detection. This approach 
decreases the back pressure of column, reduces the energy consumption, and combines 
separation and detection units into one miniaturized unit, providing unique advantages over 
conventional micro-GC device. Alkane samples were used to test the chemical separation 
process and different elution times were obtained for hexane, heptane and octane, 
demonstrating the separation capability of the miniaturized system. The separation process 
was simulated using COMSOL and the simulation results match well with the experimental 
results. 
        In conclusion, we have demonstrated a novel miniaturized and integrated Micro-GC 
system that can simultaneously separate and detect chemical in real-time using sensitive 
SPRi platform. 
        This system greatly facilitates the study of chemical separation processes, 
demonstrates a new approach of Micro-GC integration, and provides a new possibility for 
the development of multidimensional Micro-GC systems. 
 
CHAPTER 3 A MINIATURIZED PARTICULATE MATTER SENSING PLATFORM 
BASED ON CMOS IMAGER AND REAL TIME IMAGE PROCESSING 
3.1 Introduction 
        Particulate Matters (PM) has a broad range of adverse health effects especially on the 
respiratory system. It has been shown that PM can cause airway inflammation due to its 
oxidative potential. [37-38] Furthermore, their nanometer to micrometer sizes allow them 
to go deep inside the lungs end up in the blood stream. Clinical studies have correlated 
higher exposure to PM with higher asthma occurrence rate, especially among children, and 
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smaller PM poses greater health risk than bigger PM [37-41]. These research results 
provide evidence as to why it is important to monitor environmental PM concentration.  
        In order to better understand PM’s epidemiological effects, large scale and real-time 
PM exposure monitoring is needed by physicians. Moreover, personalized, real-time PM 
exposure monitoring is of great value for asthma management. This also applies to anyone 
who wants to monitor their personal environmental exposure to PM. Hence, large scale, 
portable and real-time PM monitor is of great value to both researchers and the general 
public.  
        PM researchers have developed different types of PM monitors based on different 
mechanisms over the past several decades and most of which have been commercialized. 
For example, Virgil et al have studied the efficient design of impactor, which takes 
advantage of PM’s size dependent inertia to separate PM according to their sizes. [42-43] 
Particle detection based on dynamic light scattering principle has been a popular approach. 
Study of the particle behavior under a flow stream inside the Aerodynamic Particle Sizer 
(APS) has been conducted by Cheng et al. [44] More detailed study includes correction 
and calibration based on particulate shape have been conducted by Wang and John, [45] 
Stein et al., [46] and Chien et al. [47] Scanning mobility particle analyzer uses particle’s 
different electrostatic mobility under electrostatic field to separate particles according to 
their sizes. [48-49] In order to detect nanometer sized PM, liquid condensation technique 
was used to increase particle’s scattered light intensity to be detected with higher signal to 
noise ratio. [50-52] 
        Despite numerous advancements in developing PM monitors, their disadvantages are 
also obvious. Firstly, although instrument-grade PM monitors have high sensitivity and can 
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differentiate size, they are in large form factor and usually in bench-top forms, which makes 
them inconvenient if not impossible to conduct field test. More importantly, they usually 
cost tens of thousands of dollars and hence impractical for personal monitoring, and for 
large-scale cohort environmental health studies. The other end of the spectrum is cheap 
and small form factor smoke detectors and sensors, such as Telaire Dust Sensor [53] and 
other low-cost particle detector modules (Shinyei PPD71, PPD42NJ, and PPD20V), [54] 
which use scattered light principle to detect dust. However, this type of sensor only works 
at high dust concentration and can be inaccurate due to particulate matter movement and 
highly inhomogeneous shape factor of PM, both of which are intrinsic to dynamic light 
scattering method. [55] 
        This research aims to develop an inexpensive and small form factor PM sensor using 
CMOS imager for real time PM monitoring. Low cost (e.g., $1), miniaturized, high 
performance CMOS imagers are readily available. [55-59] For example, Sony IMX219 
image sensor has resolution of 3280 by 2464 and pixel size of 1.1μm, which is suitable for 
submicron size PM sensing. [58] In addition to CMOS imagers for direct imaging and 
detection of PM, an efficient way to collect PM for imaging, and lighting condition for low 
noise imaging of PM are critical. We developed an electrostatic particle collector to collect 
PM on a transparent substrate, and low background noise optics to image light scattered 
from the collected particles. 
        Our personal PM detector offers several distinct features compared to the existing 
light scattering-based PM detectors: 
1) Instead of detecting scattered light, we image individual particles, which allows analysis 
of both particle size and scattering intensity; 
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 2) PM is collected on the substrate, which could be further analyzed with chemical analysis 
and high-resolution imaging tools for detailed chemical composition and morphology 
study of the collected PM;  
3) Electrostatic particle collector can classify particles according to their sizes and can be 
imaged simultaneously;  
4) The optical design and imaging capability make it possible to integrate other optical 
sensors, such as colorimetric chemical sensors, for simultaneous chemical sensing. [57], 
[60]. 
3.2 Characterization of CMOS Imager using Scattered Laser Light from Small Particles. 
        In order to use CMOS imager as sensor for PM, detection limit and sensitivity need 
to be evaluated. In other words, the minimum detectable size of the particles using a 
commercial CMOS imager under a fixed and optimized laser source must meet the 
requirements for target applications. Moreover, the correlation between the light intensity 
of PM particles in the CMOS images verses PM size will be needed. Fig. 3.1 illustrates the 
optical setup of the PM detector. A 650 nm wavelength collimated laser source was 
directed to illuminate a transparent substrate (glass slide) for PM imaging. To obtain a 
calibration curve, polystyrene (PS) particles (Bangs Laboratories, Inc.) with well-defined 
diameters, varying from 0.5μm to 10μm, were deposited on the transparent substrate. To 
minimize possible aggregation of the PS particles, the PS samples were dissolved in 
ethanol, diluted multiple times then sonicated for an hour. The transparent substrate was 
dipped in the diluted PS solution, dried out and then placed directly on top of the CMOS 
imager housing. The CMOS imager used was Quickcam Deluxe from Logitech and its lens 
was adjusted to a desired focal length to obtain a sharp image of the PS beads on the 
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substrate. The angle between laser beam and the substrate surface was fixed at 20 degrees, 
which was empirically determined by experiments to obtain higher particle scattered light 
signal and lower background noise from the scattering of substrate.  
The setup shown in Fig. 3.1 does not have sufficient resolution to resolve the size of a 
micro-scale particle, but the CMOS imager captures the individual particles as bright spots 
as shown in Fig. 3.2. In order to confirm that the bright spots were indeed scattered light 
from individual PS particles, we examined the same substrate with an optical microscope 
(numerical aperture of 0.4). It is noteworthy to point out that the theoretical optical 
resolution (the ability to tell two objects apart) of the microscope is 0.81μm at 650 nm. 
Nonetheless, since the particles are generally well dispersed and are essentially spherical, 
by relying on the scattered light, which makes objects appear larger than they really are, 
we can reliably identify the approximate location of the particles by finding the centroid of 
the bright spots. The spatial distribution of the particles resolved by the optical microscopy 
images match well with the scattered light images captured by the CMOS imager as shown 
in Fig. 3.2. Additionally, the sizes directly measured with the optical microscope correlate 
well with the image intensities of the corresponding particles. This analysis confirms that 
the bright spots captured by the CMOS imager were indeed scattered light signal from 
individual particles. 
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Fig 3.1 Schematic drawing of CMOS imager evaluation for small particle scattered light 
        Fig. 3.3 below shows the experimental data for particle light intensity versus particle 
diameter in micrometers, as well as the 4th order polynomial fit. 4th order polynomial fit 
was chosen because Mie scattering theory is assumed for particles ranging applies to 
particles bigger than 50μm while Rayleigh scattering applies to particles smaller than 1/10 
of the scattering light wavelength, hence, neither is used here. Through careful design of 
experiments, we demonstrated the capability of this novel imaging based real time PM 
sensing approach with single particle size resolution and single pixel detection limit, which 
is not possible for dynamic light scattering method. Moreover the detection limit using 
CMOS imager can actually be in subpixel level, since single pixel carry intensity value 
from 0 to 255, smaller particule will still be shown as single pixel with lower intensity 
value and this further reduce the detection limit. 
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 (a)  
 
(b) 
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(c) 
Fig 3.2 Comparisons of particle distribution pattern between CMOS imager image and 
optical microscope image mosaic at 20 times optical magnification and 0.4 numerical 
aperture. Size of particles used are (a) 10μm (b) 5μm (c) 0.5μm 
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Fig 3.3 Calibration curve showing PS particle diameter in micrometer and PS particle 
scattered light intensity assuming Mie scattering law. 
3.3 Integrated, Miniaturized, and Real-Time Particulate Matter Portable Sensor Design, 
Characterization and Image Processing Algorithm Development 
        After evaluation of the CMOS imager sensing system response time, sensitivity, 
resolution, signal to noise ratio and calibration curve which converts the particle light 
intensity to diameter of particle, the natural next step is to develop a compatible particulate 
matter collector, conduct field test and develop an automated image processing algorithm 
which can automatically calculate the collected particle number, size and size distribution.  
        The following sections describe in detail how an efficient particle collector was 
fabricated following the design suggestion of simulation, the collection efficiency of the 
collector under ambient air environment and the design principle of the real image 
processing algorithms.  
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3.3.1 Electrostatic Particle Collector Design, Simulation and Fabrication 
        In order to collect airborne particles on the imaging substrate, electrostatic principle 
and active sampling were used. Mizuno and Leonard et al. studied the principle of 
electrostatic precipitator as well as particle transport physics. [62], [63] Electrostatic 
precipitator has been used to clean industrial gas exhausts and the particle collection 
process has been simulated to improve the collection efficiency. [64], [66] We have 
simulated using COMSOL 5.0 and designed a miniaturized particle collector with high 
collection efficiency for the CMOS imager sensing platform.  
        Firstly, SolidWorks was used to prototype the 3D geometry of the particle collector 
consisting of a collection chamber 20mm long, 4mm wide, and 0.5mm in height. 
Cylindrical inlet and outlet (3mm and 2mm in diameters respectively) are located at each 
side of the collection chamber with a height of 5mm. The drawing was then imported into 
COMSOL for simulation as shown in Fig. 3.4. 
 
Fig 3.4 3D drawing of electrostatic particle collector in COMSOL Multiphysics 5.0. 
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         To conduct the simulation, AC/DC physics module that assumes charge conservation 
was used to establish a time-invariant electrostatic field between the top and ground 
chamber planes. The ground and the top planes were set to 0V and 400V respectively. 
         Fig. 3.5. shows the simulated result of the electrostatic field inside the collection 
chamber. It can be observed that a homogeneous voltage gradient is formed inside the 
channel area.  
 
Fig 3.5 Simulated electrostatic field inside the particle collection chamber. 
        After establishing the electrostatic field, flow field created by active sampling was 
modeled using the fluid flow physics module. In order to determine the flow state inside 
the collection chamber, Reynold number was calculated: 
                                                             𝑅𝑒 =
𝜌𝑣𝐿
𝜇
                                                            (3.1) 
        where 𝜌 is the density of air, 𝑣 is the characteristic velocity of the fluid with respect 
to the object, L is the characteristic linear dimension, and μ is the dynamic viscosity of 
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fluid. To make a particle collector that is compact, low power consumption, and efficient 
in particles collection, we optimized the Reynold number to be smaller than 20,000, which 
is within the Laminar flow regime assuming L = 0.025 mm, the linear flow rate less than 
2m/s, and volume flow rate less than 240 cm3/min. Hence, laminar flow model was chosen 
with turbulence model disabled, and simulations were run between linear flow rates from 
0.05m/s to 2m/s. Incompressible flow was also assumed due to low backpressure of the 
collection chamber and no slip was assumed at the fluid-solid interface. For boundary 
conditions at the inlet, linear flow field speed was manually set while at the outlet, zero 
pressure is assumed, the flow is normal to the outlet plane, and backflow is suppressed due 
to linear laminar flow.  
        Equations 3.2 and 3.2 below are the steady state incompressible Navier-Stokes and 
continuity equations respectively: 
                                𝜌𝒖 ∙ ∇𝒖 = −∇𝑃 + ∇(𝜇(∇𝒖 + ∇𝒖𝑇)) + 𝑭                                      (3.2) 
                                                        𝜌∇𝒖 = 0                                                                 (3.3) 
        where 𝜌 is the density of the fluid, u is the velocity field, μ is the dynamic viscosity 
of fluid, 𝑃 is the pressure field, and 𝑭 is the total external force. Fig. 3.6 below shows the 
simulated laminar flow with boundary layer established inside the collecting chamber. 
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Fig 3.6 Simulated laminar flow field across the particle collector chamber 
        Next, we simulated the particle collection process inside the established electrostatic 
and flow fields using the Particle Tracing for Fluid Flow module. The following 
assumptions were made in this simulation. 
1. Particle stops on contact with the wall, i.e. speed reduces to zero instantaneously. 
2. Particle density is assumed to be the same as average density of carbon-based particles 
(0.8 g/cm3). 
3. Brownian motion of particle is negligible compared to motion induced by the flow field. 
4. Each particle carries one positive unit charge. 
5. There is no particle-particle interaction as particles are sparse. 
6. Stokes drag forces on particle are assumed due to low Reynold number. 
The governing equations for this simulation are summarized below: 
                                                        
𝑑(𝑚𝑝𝑣)
𝑑𝑡
= 𝑭                                                              (2.4) 
                                                  𝑭𝒅 =
1
𝜏𝑝
𝑚𝑝(𝒖 − 𝑣)                                                           (2.5) 
                                                       𝜏𝑝 =
𝜌𝑝𝑑𝑝
2
18𝜇
                                                                  (2.6) 
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                                                              𝑭𝒆 = 𝑒𝑍(−∇𝑉)                                                                  (2.7) 
                                                                   𝑭 = 𝑭𝒅 + 𝑭𝒆                                                                (2.8) 
        where 𝑚𝑝  is the mass of the particle,  𝑣  is the velocity vector of the particle, 𝑡  is 
time, 𝑭 is the total external force, 𝒖 is the velocity field of the flow, 𝑭𝒅 is the drag force, 
𝜏𝑝 is the drag force coefficient, 𝜏𝑝 is the particle density, 𝑑𝑝 is the particle diameter, 𝜇 is 
the dynamic viscosity, e is the value of unit charge, 𝑍 is the number of unit charges (which 
is 1 in this case), −∇𝑉 is the electric potential gradient, and 𝑭𝒆 is the electrostatic force. 
Equation 2.4 represents Newton’s second law, equation 2.5 shows that drag force is a 
vector which is proportional to the flow velocity vector minus the particle velocity vector. 
Equation 2.6 is the drag force coefficient, equation 2.7 shows the calculation of 
electrostatic force, and equation 2.8 shows that the total external force on the particle is the 
vector sum of drag force and electrostatic force.  
Simulation conditions of flow rate from 0.05m/s to 2m/s were used and particle diameters 
from 0.2μm till 10μm were used. 
        Fig. 3.7 shows the simulated particle trajectories at different time stamps and color 
map of particle velocity values. It can be observed that slower particles (blue) were 
collected on the ground plane while faster particles (red) escaped from the chamber via the 
outlet. Particle collection efficiency, which depends both on flow rate and particle size, 
were calculated as the ratio of number of particles collected divided by the number of 
particles injected (100 in this simulation). Table 3.1 below shows the values of collection 
efficiencies under different conditions. 
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Table 3.1 Collection Efficiencies under Different Conditions 
 
(a) 
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(b) 
 
(c) 
 
(d) 
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Fig 3.7 Simulated particle trajectories at different times. (a) t=0s, (b) t=0.1s (c) t=0.2s (d) 
t=0.3s 
        There are two regions with relatively higher collection efficiency. First region is at 
lower flow rate and for smaller particles. This result is expected as the slower particles 
spend more time in the electrostatic chamber and the smaller inertia of the smaller particles 
makes them easier to move towards the electrode under the same electrostatic field. The 
second region is at higher flow rate and for larger particles. This result is also expected as 
the larger momentum of the larger and faster particles causes them to strike the collection 
surface much like how an impactor works.  
        After determining the optimal particle collector design and operation flow rate, acrylic 
was used to fabricate a particle collector. ITO coated PET from Sigma-Aldrich (product 
number 639303) was used as the substrate due to its high transmittance (>78.0%) and low 
surface resistivity (60Ω/sq). Epoxy glue was used to seal the machined acrylic housing and 
the substrate. Fig. 3.8 shows the fabricated particle collector. 
 
(a) 
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(b) 
Fig 3.8 Fabricated particle collector. (a) Top view (b) Bottom view 
3.3.2 Ambient Particulate Matter Collection using Particle Collector on CMOS Imaging 
Platform 
        The fabricated particle collector was then tested under ambient environments in two 
locations where particle concentrations are expected to be different. The first location was 
inside the Biodesign Institute Building at Arizona State University and the second location 
was outside the Biodesign Institute Building next to a construction site. Two tests were 
done at each site for duration of 1 hour and the flow rate was fixed at 10cm3/min. Images 
before and after the collection process were analyzed using ImageJ. [67] Collected number 
of particles and intensity of individual particles were extracted from the images. In order 
to convert particle intensity to its physical size, calibration curve shown in Fig. 3.3 was 
used. Fig. 3.9 below shows the particle intensity-diameter distribution for both the indoor 
and outdoor tests. 
        It can be observed from the figures that more and bigger (>5μm) particles were 
collected outdoor than indoor for the same collection duration. Outdoor PM are known to 
have more and bigger inorganic particles, for example SiO2 and metal particles, which are 
not as common indoor. [37] 
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        Based on the particle intensity-diameter distribution, number or density of particles in 
each particle diameter bin was obtained and plotted in Fig. 3.10. The resulting particle size 
distribution can be used to evaluate air quality and estimate particle composition given the 
profile. 
        It can be observed that the most abundant particle size changed from 0.6μm when the 
experiment was performed indoor to around 1μm when performed outdoor. This set of 
experiments demonstrated the collection capability of the fabricated particle collector and 
the difference of PM size distribution profile between indoor and outdoor ambient PM. The 
electrostatic particulate collector is miniaturized, low cost and capable of collecting PM 
with a wide range of diameters. The collector features the use of a transparent and 
replaceable substrate, which makes it an ideal component of CMOS image-based PM 
sensing platform. 
 
(a) 
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(b) 
Fig 3.9 Particle intensity-diameter distribution from the ambient PM collection test. (a) 
Two indoor tests. (b) Two outdoor tests. 
 
(a) 
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(b) 
Fig 3.10 Indoor and outdoor particulate matter size distribution.  
(a) Two indoor tests (b) Two outdoor tests 
3.3.3 Automated Image Based PM Sensing Algorithms 
        In order to automatically obtain key information like particle number, size and size 
distribution, a robust and accurate algorithm needs to be developed. Since the device is 
supposed to be used as portable device with low power consumption budget in a real time 
fashion, the algorithm is preferably to be accurate, low latency and low power consumption 
when implemented on device.  
        The image of scattered light from the particles can roughly represent the particle size 
and shape, nevertheless, anomalies can happen when two particles combine together and 
results in one single particle on the image, or when bigger particles block the light hence 
smaller particles around it will not be scattered by the light and not appear on the image 
etc. These are cases which we can’t control hence ignored here. The possibility of these 
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cases increases when the substrate becomes more saturated with collected particles and this 
is very unlikely to happen given that the substrate is replaceable and disposable.  
        A PM sensing algorithm was developed which processes captured particle images 
from CMOS sensor (e.g. Fig. 3.11a, a plot of the intensity component in the YCbCr 
representation of the image) pixel by pixel in a row, and then row by row until the image 
is completely scanned. The algorithm maintains an index variable which has the same 
dimension as the original image and labels each pixel according to the particle it belongs 
to. If the current pixel intensity is lower than a preset intensity threshold, it will be labeled 
with index zero, otherwise it will be labeled with a positive integer starting from one (Fig. 
3.11b). As the algorithm moves to the next pixel, if the new current pixel’s intensity is 
greater than the intensity threshold, two situations will be considered. If the distance 
between the new current pixel and the last pixel with a non-zero label is smaller or equal 
to a preset distance threshold (e.g. 2), this pixel will be considered as part of the same 
particle, and it will be labeled with the same integer as the last pixel. However, if the 
distance is greater than the distance threshold, it indicates that the pixel potentially belongs 
to a different particle, hence the label will be increased by one, and the pixel will be labeled 
by the incremented value. 
        At this point, pixels belonging to the same particle at different rows will have different 
labels and need to be updated to have the same label (Illustrated going from Fig. 3.11b to 
3.11c). The algorithm picks the smallest non-zero label value among a 3-by-3 pixel mask 
centered by the current pixel being processed and updates the index’s label to the smallest 
value within the mask. This function guarantees that pixels belonging to the same particle 
(as evidenced by them adjacent to one another) will have the same label. 
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        Finally, the number of particles is obtained by counting the number of different labels 
assigned to the pixels, which conveniently is the largest label value. The size of each 
particle is the pixel number of each distinct label value, while the intensity of each particle 
is the sum of pixel intensities of all pixels with the same distinct label value. A calibration 
curve similar to the one shown in Fig. 3.3 can be applied to the output of the algorithm to 
obtain size (μm) and size distribution plots.  
        In order to validate the algorithm, ambient particles were collected using a micro-
blower and the particle collector. The CMOS imager used has a spatial resolution of 
820×720, resulting in a detection limit of approximately 0.2μm (Fig. 3.12). The algorithm 
was realized in Python and the plots were generated using Matplotlib package. [68-70] The 
code was run on a Raspberry Pi 3. [71-72]  
        Finally, to check the accuracy of the algorithm, the manual processed results were 
compared to those reported by the algorithm. Particle number (233), size, and intensity 
were found to be the same. Size distribution was obtained after applying the calibration 
curve (Fig. 3) and normalized probability decreases exponentially with increasing particle 
size as expected (Fig. 3.13a and b). The algorithm demonstrated high accuracy, simplicity 
and low latency (∼5s per image). The automated PM sensing algorithm can be integrated 
into a portable sensor platform and PM reading can be obtained in real-time. Alternatively, 
real-time data could be updated to a remote database or synchronized with a mobile phone 
for further analysis to support personal use and epidemiological studies. 
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(a) 
 
(b) 
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(c) 
Fig 3.11 Schematic illustration of the PM sensing algorithms. (a) Matlab plot of PM 
image showing Y luminance channel signal. (b) Index matrix before index-updating. (c) 
Index matrix after index-updating showing two distinct particles. 
 
Fig 3.12 Scattered light PM image with resolution 820×720 used to test the algorithm. 
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3.4 Conclusion 
        We have developed a PM detector that combines a CMOS imager, a particle collector, 
and an automated PM sensing algorithm. We have demonstrated that the imaging platform 
can detect particles as small as 0.2μm with an image resolution of 820×720. We have 
performed validation field tests and compared the results with those obtained with a 
sophisticated reference technology. Our PM detector is low cost and has small form factor. 
The novel CMOS imaging method features low detection limit, high sensitivity and 
accuracy; while the particle collector can collect ambient PM in various sizes. Furthermore, 
the real time image processing algorithm can compute particle size, number and size 
distribution with low latency. Moreover, the imaging capability of the PM sensor makes it 
possible to include other imaging-based sensing technologies, such as colorimetric 
chemical sensors for real time multianalyte monitoring. 
 
CHAPTER 4 AN INTEGRATED PORTABLE DEVICE FOR REAL TIME TRACKING 
OF AMBIENT OZONE CONCENTRATION USING GRADIENT BASED 
COLORIMETRIC SENSOR WITH GREATLY EXTENDED LIFE TIME. 
4.1 Introduction 
        With technological and industrial advancements happening at speed never seen before 
in human society, pollution is becoming a bigger and bigger problem. Nowadays, human 
beings constantly face pollution related problems on a daily basis. To make matters worse, 
there is research indicating that some outdoor air pollution sources can potentially cause 
cancer. [73] This makes it even more urgent to accurately monitor the outdoor pollution 
level in order to better prevent the adverse health effects of air pollution. 
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        Some of the major forms of pollutions are air pollution, water pollution, soil pollution, 
noise pollution, radioactive pollution and light pollution. Among which the most hazardous 
form of pollution is air pollution because it is relatively easy for toxic gas to enter our 
respiratory system and penetrate to our blood stream directly. [74] 
        Air pollution is especially troublesome for people with respiratory diseases and could 
make their conditions much worse if left unmanaged. Several gases have been studied and 
identified as potential triggers for chronic respiratory conditions like asthma and COPD, 
these include Ozone, NO2 and HCHO. [75-76] It has been established that these air 
pollutants, once inhaled, will cause airway inflammation and exacerbates the disease. 
Another category is particulate matter, which can be even more harmful because they can 
be as small as nanometer in diameter hence can easily penetrate the blood vessel and reach 
the blood stream through the porous blood vessels, which is more detrimental. [77-79] 
        Asthma is one of the most prevalent chronic health conditions in America with 14% 
of children have been diagnosed with asthma and 6.8 million children and teens are living 
with asthma alone. [80-81] Asthma has a series of symptoms, which can be debilitating at 
times. Symptoms include frequent coughing, shortness of breath, feeling tired, wheezing, 
cold, chest pain etc. Since asthmatic patients are extremely sensitive to environmental 
pollutants, and asthma attack can be triggered by exposure to these pollutants, it is very 
important to be aware of the environmental quality the patients are exposed to. Hence, a 
device that can continuously monitor real time concentration level of these key asthma 
triggers is extremely useful for both the management and prevention of asthma.  
        There exists analytical chemical equipment that can separate and analyze these target 
chemicals, for example, a bench top gas chromatography is capable to separate analyte 
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sample, identify the chemical species and quantify the concentration of each chemical. The 
approach is accurate but has key disadvantages of long analysis time, bulky, expensive and 
inability for onsite analysis. Hence, conventional analytical chemistry tools similar to gas 
chromatography are incapable of the job.  
        There are also small form factor and relative cheap technologies that can monitor these 
chemicals, for example MOx sensors and electrochemical sensors are two major players. 
[82-85] For MOx sensors, they are small and inexpensive, which is good for the target 
application. Nevertheless, MOx sensors are sensitive to temperature and humidity due to 
materials property, making it hard to obtain accurate result without accurate compensation 
of temperature and humidity. What’s more, MOx sensor signal drift over time, which makes 
it necessary to recalibrate over long term use. [86] Hence to use MOx sensor, a series of 
compensation and recalibration is needed, making it undesirable for target applications.  
        Electrochemical sensors have good selectivity and good accuracy, nevertheless, they 
are usually bigger in size, expensive and face the similar issue of signal drift over time like 
MOx sensors due to electrolyte depletion and imperfect reversable chemical reactions. [87]  
        Recalibration and signal drift over time are extremely undesirable since the sensing 
device is supposed to be deployed with high accuracy reading over time and no extra 
recalibration needed. Another technology is colorimetric sensor. Colorimetric sensors are 
popular due to their unique advantages such as good selectivity, small and cheap, 
calibration free and scalable in sensing elements, all these qualities make colorimetric 
sensor desirable candidate for target applications. Nevertheless, colorimetric sensor faces 
one key disadvantage of short lifetime. [88-89] Once exposed, colorimetric sensors usually 
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get consumed within hours, making continuous real time monitoring of asthma triggers 
hard to realize.  
       The reason for the short lifetime of conventional colorimetric sensor is because once 
exposed to the environment, the analytes diffuse into the sensors from all directions, 
making the active chemical react at a fast speed. The sensor has high signal to noise ratio, 
making it sensitive at the cost of short lifetime. Nevertheless, in target applications, high 
sensitivity is not always necessary. For example, ambient ozone concentration below 20 
ppb is considered to be very low level of ozone and will not have adverse health effect even 
to asthmatic patients in general, this makes any colorimetric sensor with detection limit 
well below 20 ppb unnecessary when it is used to report for hazardous level of ozone 
concentration.  
        Hence, a modified version of colorimetric sensor, gradient based colorimetric sensor 
is more desirable for the target application with greatly extended lifetime and high enough 
sensitivity for daily personal exposure monitoring. The reason gradient based colorimetric 
sensor has greatly extended lifetime is because the analyte can only diffuse from the inlet 
in a 1D diffusion fashion. The gradient based colorimetric sensor is properly sealed from 
the top and bottom side, only allowing analyte to diffuse from one side. Fig 4.1 below 
shows conventional colorimetric sensor and Fig 4.2 (a) below shows gradient based 
colorimetric sensors and 4.2 (b) shows how gas diffuse into the sensor. It can be observed 
that the gradient based colorimetric sensor only has opening on one single side, making the 
chemical reaction much slower by slowing down the chemical reaction. [88] 
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Fig 4.1 Conventional colorimetric sensor for O3, NO2, and HCHO, gas diffuse from all 
directions 
 
 
 
 
 
 
(a) 
 
(b) 
Fig 4.2 Real sensor and schematic showing one dimensional diffusion for gradient based 
colorimetric sensors (a) Printed O3, NO2, HCHO gradient based colorimetric sensor before 
and after exposure to target analytes. (b) Schematics showing one dimensional gas 
diffusion. 
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3
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4.2 Integrated Portable Device Development, Components and Housing 
        In order to develop an integrated device for the end users, reliability, robustness, 
repeatability and ease of use are of core concerns. The sensing principle is based on 
transmitted light and absorbance signal and Lambert-Beer law. To satisfy the design goal, 
an accurate and reproducible system is needed.  
        Because different colorimetric sensors have different colors, it is preferable to choose 
a broadband light source, hence broad band white LED was chosen as light source. The 
optical system needs a housing which can support the robust and accurate alignment of 
various components including LED light source, the gradient based colorimetric sensor, 
the CMOS imager and all the components should be arranged such that perfect 
homogeneous lighting and appropriate focusing distance is maintained.  
        In order to realize this, 3D printing was used to manufacture a completely light 
insulating chamber with calculated dimensions which can integrate the various components 
together in a desired way. Black carbon fiber infused ABS was used due to its light 
impermeability and good mechanical properties. A sensor clipper was designed such that 
when the gradient based colorimetric sensor is inserted into the clipper, the clipper can 
effectively squeeze the three sides of the sensor, insulate the top and bottom sides at the 
same time, while maintaining an open area enough for the incoming light to transmit 
through. In order to realize this, two clipping bridges are designed at the two side walls of 
the sensor clipper and the displacement of the bridge to the bottom of the clipper is smaller 
than the sensor thickness such that once the sensor is inserted with a transparent acrylic 
piece covering the top side of the sensor, the two bridges bend upward and exert mechanical 
force on the left and right sides of the sensor. The design minimizes the top, bottom, side 
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diffusion from three directions and only leave one side, the inlet open. This design 
effectively guarantees the need of gradient based colorimetric sensor. What’s more, a 
miniaturized DC fan from SUNON with flow rate 109CF/M was used to deliver fresh 
ambient air to the inlet of the sensor, further guarantees the 1D diffusion of the gradient 
based colorimetric sensor.  
        Another important component is the choice of the CMOS image sensor. It is preferred 
that the sensor has high configurable resolution, high sensitivity and dynamic range, high 
signal to noise ratio low dark noise while at the same time, relatively cheap and small. 
Based on the requirements, SONY IMX219PQ with 8Mega active pixel was chosen as the 
image sensor. [90] The sensor has easy interface control using Python and open source 
package PiCamera, which can control the exposure, contrast, ISO, white balance, 
resolution, frame rate, shutter speed as well as easy configuration of image format 
including PNG, TIFF, RAW and JPG to name a few. Hence the image sensor provides high 
versatility in parameter tuning such that desired image parameters are achieved.  
        Fig 4.3 (a) below shows the front and back side of the gradient based colorimetric 
sensor inserted into the sensor clipper, Fig 4.3 (b) shows the schematics of how the sensor 
clipper work to guarantee 1D diffusion from the side view, Fig 4.3 (c) shows the assembled 
housing including the LED source, fan, inserted sensor clipper into the housing and 
properly placed CMOS image sensor. The whole setup was then used to capture image, 
develop appropriate image processing pipeline, conduct Ozone monitoring calibration and 
conduct field tests. 
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Fig 4.3 (a) front and back view of the sensor clipper with inserted colorimetric sensor. 
 
 
 
 
 
Fig 4.3 (b) Schematics showing how the sensor clipper guarantee 1D diffusion. 
 
Fig 4.3 (c) The whole optical and colorimetric assembly including LED, sensor clipper, 
fan and CMOS imager for image processing development, calibration and field test. 
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4.3 Image Processing Pipeline for Integrated Gradient based Colorimetric Sensor Device 
         The device works based on image processing, hence right camera parameters and 
image quality have major impact on the image processing pipeline development. Here are 
several key parameters from a design perspective to balance the image processing pipeline 
latency, power consumption, image quality and resolution, memory uptakes and image 
processing algorithm accuracy. After several system level optimization, camera parameters 
are fixed as follows. 
        Resolution of the image is 1300 by 3000, auto exposure is disabled and the exposure 
time (shutter speed) is fixed at 700ms, automatic white balance is disabled and fixed value 
is used. ISO is disabled and frame rate is 1.5 frame/second. Other lower level image 
processing pipeline done automatically by the ISP inside the DSP GPU includes 
transposition, black level compensation, lens shading, white balance, digital gain, Bayer 
de-noise, de-mosaicing, YUV de-noise, sharpening, color processing, resizing etc. At this 
point, the frame is complete and the pipeline then encodes the image into the format of 
choice, which is PNG in this case. After performing encoding, the image is then transmitted 
from ISP and GPU to CPU via DMA and then the encoded image is ready to be further 
processed. 
        Fig 4.4 shows a PNG format image captured for the Ozone gradient based colorimetric 
sensor with shutter speed 700ms and resolution 1300 by 3000. Three blue colored gradient-
based ozone colorimetric sensors can be seen clearly from the image.  
        The image then goes through a series of image processing pipeline based on Lambert-
Beer law. As is shown in Fig 4.5 below, for each ozone sensor stripe, both sensor area and 
reference area need to be identified to obtain absorbance signal. The yellow rectangles are 
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the identified area for sensor and reference. The algorithm scans vertically following the 
direction of the two arrows and plot the intensity profile along that direction. Since there 
are three sensor strips, there will be three intensity dips in the intensity profile which 
correspond to the three sensors. To identify the borders of the region of interest, a threshold 
with value in between maximum intensity value and minimum intensity value is set and 
the pixel positions corresponding to the intensity crossing the threshold are identified as 
the borders. As is shown in Fig 4.6, three dips can be seen and border of the sensor is 
obtained by setting threshold determined by the max and min value of intensity. After 
identifying the sensor area, reference area is identified as the area adjacent to the sensor 
with exactly same rectangle dimensions.  
        After identifying the sensor and reference area, the two-dimensional arrays are 
averaged in the y direction into a one-dimensional array, averaging out the y directional 
intensity inhomogeneity. After that, the absorbance is calculated by formula 4.1 below: 
                                                                                                                                                     
(4.1) 
        In which, 𝑦2 − 𝑦1 is the width of the sensor and reference area, and absorbance 
defined here is the average of the pixel by pixel absorbance value. The absorbance signal 
is then averaged using adjacent averaging within a 15 mins time frame, which is also the 
final ozone concentration reading frequency.  
        This concludes the image processing pipeline, and the absorbance signal are used 
further to obtain the ozone concentration in ppb unit through calibration.                                                                                          
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =
∑ 𝒍𝒐𝒈
𝑰𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆𝒂𝒗𝒆𝒓𝒂𝒈𝒆𝒅(𝒚)
𝑰𝒔𝒆𝒏𝒔𝒐𝒓𝒂𝒗𝒆𝒓𝒂𝒈𝒆𝒅(𝒚)
𝑦=𝑦2
𝑦=𝑦1
𝑦2 − 𝑦1
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Fig 4.4 Image of the gradient based ozone colorimetric sensor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.5 Images of the sensors before reaction and after reaction, region of interest for the 
sensor area and corresponding reference area used to obtain absorbance signal. 
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Fig 4.6 Schematics showing how the borders of the sensor areas are identified using 
thresholding method. 
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4.4 Integrated and Real-Time Gradient based Colorimetric Sensing Device Calibration, 
Field Test and Automation. 
        After developing the device housing and image processing pipeline, absorbance signal 
is obtained as the signal of interest based on Beer-Lambert law. In order to obtain real time 
ozone concentration reading from absorbance signal, calibration needs to be done.  
4.4.1 Portable Device Calibration for Ozone Gradient based Colorimetric Sensor 
        The portable device is placed inside an enclosed environment with controlled ozone 
concentration by using UVP stable ozone generator and ozone monitor (model 306, 2B 
technology) to track real time ozone concentration inside the chamber. Images of gradient 
based colorimetric sensor were captured during the calibration, saved to the flash drive, 
then real time image processing pipeline as described above is conducted and absorbance 
signal are averaged using 15 mins data. Fig 4.7 below shows 100 mins absorbance signal 
for five different calibration concentration. It can be observed that absorbance signal 
decreases overtime because the consumption of the sensing chemical increases which 
makes the sensor absorbs less and less light and the sensor area intensity increases. We can 
also observe that as the concentration increases, the sensor consumption becomes faster 
and the absorbance change increases in unit time. The absorbance change within a 15 mins 
window at the beginning is defined as initial unit time absorbance change (IUTAC), which 
reflects the unit time absorbance change value, and the bigger the magnitude the value, the 
faster the sensor reacts in unit time and this value is closely related to the environmental 
ozone concentration the sensor is exposed to.  
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        Fig 4.8 below shows the relationship between ozone concentration in ppb and initial 
unit time absorbance change (IUTAC), and the curve follows an exponential relationship. 
Theoretically, IUTAC should be linear proportional to the concentration since according 
to Lambert-Beer law, the absorbance is proportional to path length, molar absorptivity and 
media concentration, in this case only the concentration changes. It can be observed from 
the figure that the curve is concave and is close to a linear relationship, and the lower 
IUTAC value at higher concentration could be due to the imperfect sample delivery of the 
fan and also the fact that the 3D printing material can absorb ozone to some extent hence 
making the relationship nonlinear.      
        After that, long time calibration was conducted at two concentrations: 65 ppb and 105 
ppb, which is shown in Fig 4.9. It can be observed that the slopes of the two curves both 
decrease in magnitude with time. Unit time absorbance change (UTAC) is defined as 15 
mins change in absorbance signal and this value decreases in magnitude with time. This is 
because one chemical concentration decreases exponentially with the distance of diffusion 
in one dimensional diffusion model. With the consumption of gradient based colorimetric 
sensor, the distance between the diffusion inlet and gradient position increases with time, 
hence the UTAC decreases with time since the chemical reaction is a diffusion dominated 
process. In another word, the sensor’s UTAC decreases over time and in order to obtain 
accurate reading over the whole lifetime of the sensor, accurate compensation is needed. 
        In order to characterize the UTAC decrease over time, normalized unit time 
absorbance change (NUTAC) is defined as the ratio of unit time absorbance change (UTAC) 
over initial unit time absorbance change (IUTAC), which reflects normalized degradation 
for any concentration at certain gradient position. We hence use NUTAC to characterize 
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the UTAC degradation over the course of sensor’s life time as is shown in Fig 4.10 and use 
the fitted curve for compensation. 
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Fig 4.7 Absorbance signal change with time from the start of experiment until 100 mins 
for five different ozone calibration concentrations. 
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Fig 4.8 Exponential fit of concentration vs initial unit time absorbance change (IUTAC). 
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Fig 4.9 Long time calibration for 65 ppb and 105 ppb shows UTAC decreases over time. 
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Fig 4.10 Exponential decay of NUTAC vs gradient position. 
        Now that the sensor NUTAC curve is obtained, we can use it to compensate the 
sensor’s performance over time. Since NUTAC curve is plotted against the gradient 
position, NUTAC can be obtained once we know the gradient position. What’s more, it is 
noteworthy that NUTAC value is not a function of ozone concentration, but only a function 
of the gradient position.  
        In order to obtain gradient position, edge tracking algorithm can be developed to 
obtain the gradient position. Nevertheless, this adds to the complexity of the algorithms, 
and what’s more, the gradient becomes less and less defined as the sensor consumes due 
to the imperfect seal and side diffusion. While on the other hand, sensor gradient position 
should have a linear relationship versus the absorbance change from start of the experiment 
since absorbance is linearly proportional to chemical concentration according to Beer-
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Lambert law and the concentration of the chemical is linearly proportional to the unreacted 
chemical sensor area and hence the gradient position. This means we can obtain gradient 
position simply by correlating absorbance change from the start of the experiment and the 
gradient position which can be manually obtained using thresholding method introduced 
before. Fig 4.11 below shows the linear dependency between these two values.  
        With all these relationships figured out, the final calibration curve could be obtained 
by the simple relationship in 4.2 
𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑈𝑇𝐴𝐶) =
𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑁𝑈𝑇𝐴𝐶) 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∗
                              𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝐼𝑈𝑇𝐴𝐶)                             (4.2) 
 
 
        By manipulating the formula, we can then obtain the calibration curve as expressed 
in formula 4.3. 
              𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏(𝒑𝒑𝒃) = −
1
𝑎2
𝑙𝑛(1 −
100∗𝑼𝑻𝑨𝑪
𝑎1∗𝑎3∗𝑒
−
𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆𝒄𝒉𝒂𝒏𝒈𝒆
𝑎4∗𝑎5 +𝑎1∗𝑎6
)                 (4.3) 
        The coefficients table is shown in Table 4.1: 
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Table 4.1 Table showing the best estimated value and standard error for the coefficients in 
calibration curve. 
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Fig 4.11 Linear fitting between the absorbance change from the beginning of the 
experiment and the gradient position. 
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4.4.2 Portable Device Field Test for Ozone Gradient based Colorimetric Sensor 
        In order to evaluate the performance of the whole image processing pipeline and 
calibration accuracy, field test is carried out and the result is compared to the reference 
device ozone monitor, which is a UV spectrometer-based Ozone monitor from 2B 
technology.  
        The ozone sensor was inserted into the portable device and was left monitoring the 
indoor ozone concentration inside Biodesign Institute, BB center for 4700 minutes (3.3 
days) and the images were processed and calibration curve was applied to obtain the final 
converted real time ozone concentration. Fig 4.12 below shows the absorbance signal for 
the three gradient based ozone colorimetric sensor over 4700 mins and fig 4.13 shows the 
calculated ozone concentration in ppb after applying the calibration curve. 
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Fig 4.12 Smoothed absorbance signal for the three gradient based ozone colorimetric 
sensors. 
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       Fig 4.12 shows that the repeatability of the gradient based colorimetric sensor is good 
as the three sensors absorbance signals follow similar trend without obvious anomaly. This 
proves that the sensors could be mass manufactured without much batch from batch 
deviation.  
         It can be observed from Fig 4.13 that the ozone sensor’s reading correlates highly 
with the ozone monitor reading with Root Mean Squared Error of 5.3 ppb over the 
measured ozone concentration range, which is completely within the accepted range or 
error. This means that the sensor can be reliably deployed for large scale personal exposure 
monitoring with relatively high accuracy.  
        The sensor can capture accurately the daily indoor ozone concentration fluctuation as 
is shown in Fig 4.13. It can be observed that ozone concentration is low during the night 
time and early morning time, and ozone concentration increases from early morning up till 
late afternoon, then it decreases again after sunset. The response time of the sensor is good 
in the sense that there is almost no lag between the colorimetric sensor and the ozone 
monitor. This makes it useful when the user’s ozone exposure changes quickly, within 
minutes for example. The device can capture the ozone concentration change with 
minimum lag, making it a truly real time monitor. 
        What’s more important is that the sensor has a life time of at least 3.5 days without 
much accuracy degradation, proving that the compensation works and this life time is much 
longer than conventional colorimetric sensor (hours of use). This solves the one major 
disadvantage of colorimetric sensor which is short life time without sacrificing the sensor 
sensitivity and accuracy much. The sensor can reliably detect concentration lower than 10 
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ppb and according to EPA, the monitoring air quality criteria for ozone is 70 ppb, [91] 
which is much higher than the detection limit of the gradient based colorimetric sensor.  
 
 
Fig 4.13 4700 minutes real time continuous monitoring of ambient ozone concentration, 
comparison between gradient based ozone colorimetric sensor and ozone monitor. 
4.4.3 Device Automation, Information Storage, Communication and Synchronization  
        The device is at this stage a prototype, although it can easily be used to collect data 
and track target analyte easily from a laboratory point of view, there is still a lot more to 
be integrated for the device to be fully automated for end users.  
        In order to accomplish this, system level hardware and software codesign is needed. 
Fig 4.14 below shows the system level device integration process, from fine-tuned high-
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resolution image capture to image processing, then to data storage and data synchronization 
need to be accomplished.  
 
 
Fig 4.14 System level hardware software codesign for automated and integrated edge 
device. 
        From the software perspective, seamless, quick response time, robust, accurate and 
ease of use are some of the core requirements for best user experience, hence different task 
of the edge device is divided into interdependent threads which run seamlessly using 
multithreading. Object oriented programming was used in the design due to its ease of 
abstraction, data encapsulation and modular design make the whole system functionalities 
easy to maintain for large scale use.  
        The whole functionality of the device is divided into sensor thread, communication 
thread and user thread. Sensor thread is responsible for temperature and humidity sensor 
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reading, CMOS imager control for image capture, real time image processing, image 
memory management; communication thread handles the requests users for data 
synchronization based on developed blue-tooth communication protocols between device 
and cell phone (Asthma App) and also the communication between the device and cloud 
data base (Home Assistant) using WiFi. Finally the user thread is responsible for the 
interaction between end users and the device and realize functions like monitoring the 
status of the colorimetric sensor, alert the users for sensor replacement and make sure the 
new sensor is inserted into the device appropriately, as well as keeping track of the user’s 
daily exposure level and alert the users when the pollutants level is too high etc. These 
threads work together to make sure the end users have great user experience while 
providing reliable, accurate and real time data for clinicians for further data analytics. Local 
data base is used to properly save and retrieve the sensor data. SQLite is used for this 
purpose for its small size, reliable performance and ability to be shared through the internet. 
Fig 4.15 below shows the diagram of the software construction for the device.  
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Fig 4.15 Object level UML diagram for the portable device. 
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4.5 Conclusion 
        Till here a real-time, integrated, portable and accurate ozone tracking device based on 
absorbance and image processing using gradient based colorimetric sensor with greatly 
enhanced life time has been demonstrated. 
        The sensor has great repeatability, accuracy, sensitivity, low detection limit with 
acceptable error, long life-time, small form factor and low cost. All these quality makes 
this technology very ideal for large scale personal exposure monitoring.  
        It has been shown before that different sensing elements for O3, NO2, HCHO can be 
all integrated in the same sensing substrate, making it possible to do real time multianalyte 
monitoring, making the device even more attractive since different potential asthma 
triggers can be simultaneously monitored hence introducing more dimensions of 
interpretation from a clinical point of view. The technology is scalable, cheap, and 
combined with low cost hardware, can be deployed in large scale for clinical and 
epidemiological studies. 
        Lastly, with efficient software system design, the portable device can act as an 
efficient edge device with real time monitoring capability as well as act as a data hub for 
data communication with mobile phones and cloud database. Edge device like this can be 
readily integrated into existing IoT platforms and with large scale deployment, big amount 
of data could be collected and big data techniques could be used to study how real time 
airborne pollutants act to adversely influence population’s health. This platform could also 
be used for public health study purpose and act as a study tool for the development of more 
efficient and accurate environmental policies. 
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CHAPTER 5 CONCLUSIONS AND PERSPECTIVES 
        In this dissertation, three novel image-based platforms were discussed based on 
different sensing mechanisms. All three are innovative, application oriented and directly 
targeting the serious issue of monitoring environmental pollutions in heavily industrialized 
society nowadays. These technologies aim to solve the problems of the lack of an accurate, 
miniaturized, small form factor and real time monitoring device while also act as platforms 
for further improvements and integrations. This research opens the possibilities of personal 
exposure monitoring which are of great significance for general public, especially for those 
sensitive to environmental pollution. It also serves to provide clinical and research tools 
for a broad range of researchers including physicians, governmental environmental 
monitoring agencies, epidemiologists, public health researchers just to name a few.  
        In chapter 2, a miniaturized, integrated gas chromatography was discussed on SPRi 
platform and chemical separations was realized using molecular sieve packed column. The 
whole column can be imaged with the SPRi platform and real time chemical separation can 
be observed. Simultaneous chemical separation and detection was realized which is first of 
its kind in the micro GC community. This platform provides new way of micro GC 
development with high accuracy, sensitive and non-selective detection. The platform can 
be used to separate complex chemical on site and provide real time feed back about the 
species and concentration of the chemical mixtures. 
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        In chapter 3, a CMOS imager based particulate matter monitor was discussed based 
on scattered light and real time image processing. This approach is novel in the sense that 
PM are collected on the substrate and imaged using scattered light. This approach 
effectively avoids the disadvantages of dynamic light scattering method which can provide 
inaccurate results due to its sensitivity to particle trajectory and shape factor. Our approach 
provides efficient, small form factor and accurate PM concentration reading solution by 
taking advantage of the sensitive CMOS imager sensor and robust real time image 
processing algorithm. The sensor can detect PM as small as 0.2 micrometer and particle 
number, size and size distribution can be obtained within couple seconds of computing 
time. This device provides new sensing mechanism for PM sensing and has the potential 
to be developed into a truly portable device which can continuously monitor personal 
exposure to particulate matter.                                                                                                                     
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        In chapter 4, an automated, integrated device capable of real time monitoring asthma 
triggers was discussed based on real time image processing using gradient based 
colorimetric sensor with greatly extended life time. The novel gradient based colorimetric 
sensor provides advantages like high sensitivity, selectivity, recalibration free and long 
lifetime, making it ideal for continued real time monitoring with ease of use for end users. 
The image processing pipeline developed can obtain final ozone concentration reading in 
a real time fashion with high accuracy, low error, low latency when compared with 
reference device. Moreover, the nature of colorimetric sensor makes it possible to integrate 
several different sensors on the same substrate and hence realize simultaneous multianalyte 
monitoring, which is much more attractive because more analytes reading gives a better 
chance at studying the environmental pollutions overall adverse health effect on human 
beings. Different functional blocks of the device could be designed in a modular, easy to 
maintain fashion and multithreading makes the user experience much more seamless and 
friendly. The device is an ideal option for end users who are concerned about the air 
pollutants exposure on a daily basis and those who conduct research on how the potential 
asthma triggers can adversely affect asthmatic patients by taking advantage of the cloud 
database, mobile computing and big data technologies. 
        The dissertation provides novel image-based methods for quantitative real time 
environmental monitoring solutions. More work can be done on the full automation and 
system integration of various kinds of sensing platforms. Field tests can be further 
conducted in order to test the robustness and the real-world performances of the sensors 
when compared to reference devices. Moreover, large scale deployment of the devices and 
systematic data analysis and statistical inference can be conducted in order to study the 
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complicated relationship between air pollution and pediatric asthma. The dissertation is a 
good starting point for personal point of care environmental monitoring and systematic 
investigation for clinicians to study the environmental factors for pediatric asthma. 
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